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© Head up display system. 

© A head up display includes a simplified holographic 
combiner which has a low surface spatial frequency for 
avoiding flare. Symbology generated by a cathode-ray-tube 
is focused by relay optics and then reflected by a holographic 
optical element toward the holographic combiner. The last 
mentioned holographic optical element is provided with 
optical power in part compensating for distortions attribut- 
able to the large off-axis angle at which the holographic 
combiner is operated. 
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HEAD UP DISPLAY SYSTEffl 
Background of the Invention 
The present invention relates to head up display cys- 
teine and in particular to a head up display system wherein flare 
or multiple images are minimized and a substantially aberration-- 
free display is presented. 
5 A head up display for an aircraft conventionally in- 

cludes a "combiner" through which the aircraft pilot views the 
outside world and through which the pilot can also view instrument 
information or symbology useful in flying the aircraft* Thus, 
the pilot need not lower or refocus his eyes to see certain instru- 

10 ment readings but can view, the exterior scene u*hile vital instrument 
information is projected in his line of sight* Several types of 
head up displays are well knoun including conventional systems using 
a half-silvered mirror or dielectric reflector combiner through 
which the pilot looks and upon which symbology is projected for view- 

15 ing. Unfortunately, this type of head up display is very ineffi- 
cient and tends to reduce visibility of the outside scene. Also 
the symbology may be obscured by bright exterior light, and the 
field of view is restricted. 

A more satisfactory head up display employs a holo- 

20 graphic optical element as a combiner. This type of combiner 
has advantages of excellent light transmission of the exterior 
scene and wavelength selective reflection of symbology projected 
thereupon* As a result, the exterior view is not obscured and 
the eymbology presented upon the combiner is bright and oaaily 

25 eeen even under high ambient light conditions. A disadvantage 

characteristic of holographic head up display relates to ,l flare" 
or multiple imaging. Thus, if a bright outside source is viewed 
through the combiner, such as runway lights at night, the appear- 
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ance of flare or an undesired brightness around the object is per- 
ceived, if a bright extended object is viewed, multiple images 
appear around the bright object* 

In the copending application of Robert 6. Wood and 
5 Robert F. Cannata Serial Number 349,924, filed February 18, 1982, 4 5^2 JiJ 
for "HOLOGRAPHIC DEVICE", a flare-free system is described 
wherein a holographic element used in a combiner has a low 
surface spatial frequency, i. e. with few fringes intersecting 
ths hologram surfaces. The undesirable effect of these fringes 
10 is thereby substantially eliminated resulting in essentially a 
flare-free syetemV The term "flare" in the present* application 
is used to describe tha spectral and spatial dispersions of 
real world objbcts seen through a combiner caused by the un- 
desired transmission grating behavior of a reflection holo- 
15 graphic element having a surface spatial frequency, e. g. when 
fringes intersect the hologram surface. The surface spatial 
frequency is reduced by controlling the angular relationship of 
the exposure raye when forming the hologram, and in a particular 
case by maintaining the sxposure beam from a point source sub- 
20 stantially perpendicular to the surfaces of the gelatin or 
other eensitized material used in constructing the hologram. 
The holographic combiner formed in the above manner is highly 
advantageous, but is somewhat restricted in optical power. 

In conventional holographic head up displays, a 
25 "relay lens" system is used to project the desired symbology 
toward the holographic combiner at an angle relative to the 
combiner, with the relay lens eystera being provided with aber- 
ration correction features compensating for the aberrations 
resulting from the off-axis projection angle. At small or 
30 moderate off-axis angles, conventional relay optics are capable 
of providing a prBaberrated image, which, when viewed directly 
through the combiner, will appear to be in correct proportion. 
However, at large off-axis angles in a wide field of view sys- 
tem it ie difficult to compensate for the aberrations produced 
35 by the combiner without also providing aberration correction 
optical features in the comoiner itself. A large off-axis 
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angle results when the holographic projection system is lo- 
cated largely belou/ the windscreen and under the instrument 
panel in crowded aircraft cockpit constructions. And even tho 
aberration correction power can be built into the combine?/ 
5 the prior art, the combiner is then no longer flare-free* 

Summary of the Invention 
In accordance with the present invention in a par- 
ticular embodiment thereof, e first holographic optical ele- 
ment functions as a flare-free combiner through which an air- 
10 craft pilot observes tho outside ecene. Symbology from a 
cathode-ray-tube source is projected by a relay lens to en 
intermediate image which is reflected by a second holographic 
optical element, located jaut of the pilot's line of sight,, 
toward the first holographic optical element or combiner at 
15 a comparatively large off-axis angle. The first holographic 
optical element further images such intermediate image fit 
infinity and is viau/ed by the pilot in conjunction with tin? 
exterior scene. 

The fir6t holographic optical Blement has a low sur- 
face spatial frequency to avoid flare, while the second holo- 
graphic optical element is provided with aberration correcting 
power compensating for the large off-axis angle in conjunction 
with the optical properties of the relay lens. This optical 
power does not result in flare since the pilot does not look 
through the second holographic optical element. As a resu.lt, 
a flare-free head up display is provided which is also sub- 
stantially aberration free. 

It is therefore an object of the present invention 
to provide an improved wide-field-of-view, flare-free /head 
up display for an aircraft or other vehicles. 

It is another object of the present invention to 
provide an improved, wide-field-of-view head up display in- 
corporating the advantages of freedom from flare and freedom 
from aberrations, despite a large off-axis projection angle. 
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It is a further object of the present invention to pro- 
vide an improved head up display for an aircraft having limited 
space, requiring the mounting of equipment beneath the windscreen. 

The subject matter which X regard as my invention is 
particularly pointed out and distinctly claimed in the concluding 
portion of this specification. The invention, however, both aa 
to organization and method of operation, together with further 
advantages and objects thereof, may best be understood by reference 
to the following description taken in connection with the accom- 
panying drawings wherein like referanca characters refer to liko 
elements. 

Drawings 

Fig. 1 is a side view of a head up display in accordance 
with the present invention, 

Fig- 2 is a detailed side view of the optics employed 
in the Fig. 1 system, 

Fig. 3 is a top view of the optics shown in Fig. 2, and 

Fig. 4 illustrates one method of forming a holographic 
optical element according to the present invention. 

Detailed Description 

Referring tc Fig. 1 illustrating, a he^ up display 
10 in accordance with the present invention, a first holographic 
optical element or combiner 12 is positioned between the pilot's 
eye position 14 and the aircraft windscreen 16 so that the 
pilot's line of sight 18 extends to the outside scene through 
the combiner. An information source in the form of a cathode- 
ray-tube 20 is located beneath the windscreen and beneath the 
pilot's line of sight and forward (toward the front of the air- 
craft) from an instrument panel, generally indicated at 22, 
which is forward of an ejection clearance line 24. This po- 
sitioning tanas to result in a large off-axis projection angle 
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which produces optical aberrations, particularly when a large 
pupil and large field of view are desired. Relay optica 26 
project graphic information or aymbology from the screen of the 
cathode-ray-tube toward the combiner 12 by may of a reflecting 
element 28 which, according to the present invontion, desirably 
comprises a second holographic optical element. Element 28 is 
designed to contribute toward correction of the abarrationa pro- 
duced by holographic combiner 12 as a result of the large off- 
axis angle 30 at which light from the cathode-ray-tube is pro- 
jected toward coniDiner 12. Holographic optical element 28 is, 
howevor, located out of the pilot's direct lino of eight in- 
dicated by Una 10. 

Also in accordance with the present invention the 
combiner 12 comprises a hologram or holographic optical element 
15 32 sandwiched between two glass substrates 34 and 36 as de- 
scribed in the aforementioned patent application Serial Number 
349, «24. Tha combiner advantageously has flat outer surfaces 
38 and 40 to reduce real morld optical distortions which would 
result if the surfaces were curved. However, the combiner may 
20 have curved external surfaces. The hologram 32 may be formed 
in any suitable material such as in any of. the "gelatins typ- 
ically used for making holograms and is constructed to have a 
low or substantially zero surface spatial frequency, i. 8 . 
wherein the fringe density intersecting the surfaces of the 
25 hologram is approximately two line pairs par millimeter or 

less. The hologram is constructed as set forth in the above- 
referenced application, for example employing a point source 
comprising a coherent light eource such as a suitable laser. 
The hologram 32 is suitably a portion of a sphere, with the 
aforementioned point source disposed near the center of cur- 
vature so as to strike the hologram surface normal thereto forming 
fringes parallel or substantially parallel to the surfaces of the 
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hologram rather than in intersecting relation to such surfaces. 
As a consequence, the combiner 12 is flare-free, and free of 
multiple images incurred when a high density of fringes inter- 
sects the surface of the hologram* 
5 The symbology on the screen of cathode-ray-tube 20 is 

projected by relay optics 26 to form an intermediate image 54 
which is reflected by second holographic optical element 28 
toward combiner 12* The image surface 54 is located at one 
focal length away from the combiner* Combiner 12 forms a virtual 

10 Image of the symbology so that the pilot sees the symbology 
superimposed on tho real world scene at infinity* 

Referring, jtow t,p figs* 2 and 3, illustrating the optical 
portion of the present system in greater detail, screen 20a of 
the cathode-ray-tube is imaged by relay optics 26 at 54 to the 

15 left in fig. 2 of holographic optical element 28, and this real 
Image is then reflected by holographic optical element 28 toward 
hologram 32 for view by the pilot* The formation of the real 
Image by relay optics 26 is known in the art and various com- 
binations of individual lenses may be employed in the formation 

20 of such image* Because of the large off-axis angle 70, .of holo- 
graphic optical element 12, the relay optics 26 desirably forms 
a preaberrated image at 54, i. e« one that is first aberrated in 
a manner such that aberrations in an opposite sense by combiner 
12 produces a nonaberrated- presentation for view by the pilot* 

25 In accordance with the present invention, second holographic 
optical element 28 cooperates with relay optics 26 to bring 
this purpose about* The second holographic optical element has 
optical diffracting power effective in conjunction wit'h 
the refractive power of the relay optical means for compensating 

30 optical aberrations caused by the large off-axi6 angle of the 

combiner* The relay lens means can alternatively be considered 
as providing a preaberrated image in compensation for the "net" 
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aberrations produced by the combined first and second holographic 
optical elements which is, however, less than the aberrations as 
would be produced by element 32 alone. 

Considering the relay optics in greater detail, this 
lens system suitably comprises conventional glass optical lenses 
45-52 wherein lenses 46-51 form, in general, a double-gauss con- 
figuration, while the extreme lenses 45 and 52 minimize the 
angle of incidence relative to the relay lens system. The 
double-gauss form is of advantage in taking an object to an 
image over a large field. The individual lenses in the par- 
ticular example may be shaped and decentered ae indicated in 
tables A and B. The decantering and angularity of the relay 
lens system relative to the central ray enables the proper 
imaging of cathode-ray-tube face 20a, required to be disposed at 
15 an angle, to provide an intermediate image euitable for further 
imaging in nonaberrated form by the combiner, without requiring 
disposition of the cathode-ray-tube face at too great an angle. 
Lens 49 includes a surface which is cylindrical in transverse 
cross-section for compensating astigmatism in the holographic 
20 optical system, e. g. across the aperture located proximate 

lens 49. This aperture is located such that the optics of the 
system rs-image it at the deeign eye point or eye box. 

Referring to table A , the surfaces a-w correspond 
in general to lettered surfaces in Fig. 2, where "a" corre- 
25 sponds to the eye of the pilot and surface »w" corresponds to 
the ineide surface or phosphor layer of the cathode-ray-tube 
screen, m each instance, the radius of the surface is given 
and the shape of each surface is spherical except for surfaces 
b and d, v, and w which are flat, surface n which is cylindrical, 
and eurfacu'e .uhich is complex and relates to holographic opti- 
cal element 28, an example of which is hereinafter described. 
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It is noted that b and d are the sane surface. A positive radius 
for a surface indicates the center of curvature is to the left 
in the drawing, and a negative radius indicates the center of 
curvature is to the right in the drawing (Fig, 2). Dimensions are 
5 given in centimeters and the distance to the next surface is the 
axial distance to the next surface, luhers positive is to the left 
and negative is to the right in Fig. 2. Taole A in fact speci- 
fies example dimensions for the entire system in accordance with 
the present invention, u/hile table 8 further defines the decen- 
10 tering constants • 
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TAGLE A 

SURFACE DISTANCE TO 

SURFACE RADIUS NEXT SURFACE DECENTER/TILT 

(SEE TABLE B) 



a 


(Pilot's eye) 


50. 8000 


1. 


b 


Infinite 


2. 5138 




c 


-75.2239 


-2.5138 


2 


d 


Infinite 


-17.7800 


3 


e 


204,1484 


15.5725 


4 


r 


-50-4609 


1.1788 




9 


-24.7371 


0.2479 


■ 1 " 


h 


20.8724 


1.1908 




i 


8738.8928 


0.0508 


5 


J 


8.6106 


1.0678 


111 1 " 


k 


14.9454 


0.7000 




I 


10.5341 


1.9792 , 




m 


5.8146 


1.4719 


6 


n 


21.2694, Infxnxts 


1. 0160 




0 


-15.2562 


1.3162 




P 


-3.3911 


1.7780 




q 


-4.9047 


0.0508 


7 


r 


55.6410 


1.9050 




8 


-11.4600 


0.0508 




t 


10.1138 


1.9050 




u 


78. 5254 


-15.8369 


8 






20.6850 


9 


V 


Infinite 


0.5004 




Ul 


Infinite 


( CRT) ' 
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TABLE B 

DECEIVER/TILT DECENTER TILT (Degrees) 

1 0.2761 -27.0 

2 0.2761 -27.0 

3 0 +35.0 

4 0.3736 -11.1421 

5 -1.3896 0 

6 -1.5242 0 

7 0.6350 0 

B -1.1361 +11.1421 

9 -1.3741' +21.1413 
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A decenter/tilt defines a neu, coordinate system (displaced 
and/or rotated) in uhicb subsequent surfaces are defined. Sur- 
faces in table A following a decanter are aligned on the local 
mechanical axis (z-axis) of the neu, coordinate system. The 
fl M mechanical axis remains in use until changed by another decanter. 

The holographic optical element 28 is reflective 
in nature and provides further preaberration of the intermediate 
image 54 so as to compensate for the aberrations brought about 
b/ holographic optical element 12 due to the large off-axis angle. 
T e characterises of holographic optical element 2 B are desirably 
closely matched to those of the relay Isns system 26. 

Referring to Fig. 4, holographic optical element 28 may 
be formed by a alngle _ beatn conatruction employing pQint aourcg 

58 or any other knou,n techniques. The hologram 62 is provided on 

the rear surface of a glass plate 60 u,ith the hologram being 

formed in any euitable material such as any one of the gelatins 

typically used for making holograms. Tor example, a conventional 

gelatin comprises one u,hich ia made from gelatin peder, USP by 

3. T. Baker Chemical Co. The gelatin is applied to the surface of 

class plate 60 in any suitable u,a y such as by dip coating. A 

typical material for the glass substrate 60 is crown glass, being 

optically finished, although piaetic substrates can be utilized 
The ovar n 8urface Qf fcha of fcha giase piatQ ^ • 

ologram is slightly curved, i. e . . lth the large radius indicated 
for surface e in table A, although the hologram base may have any 
appropriate curvature. 

The holographic optical element 28 u,ith the oelatin 
coating 6 2 is placed in an optical bench along .ith the point 
source 58 8nd sultabls 6uppQrting ^ ^ 

The point source 58 preferably comprises a coherent light source 
such as a suitable laser. 

Although a single beam is employed in construction 
of the hologra. and is derived from point source 58, it „ 1U 



BNS0OCI0: <EP 0151455A2J._> 



- 12 - 



01 51455 



be appreciated that the hologram is formed as an interference 
pattern and consequently the beam from point source 58 is re- 
flected to the gelatin surface 62 from a complex mirror sur- 
face 64 on glass plate 66. This complex mirror provides a 
phase function used to define the hologram, and is in the 
form of a sum of monomials in (X, Y), »here the coordinates 
are on the surface of the substrate 66. These monomials 
are defined by way of example in table C. Thus, the fold 
element's power in the particular example has the form of 

K X 2 + K„ X 2 Y ♦ K, Y 3 ♦ K. X 4 * . . • wherein the constants, 

12 o *» 

K are set forth in tablo C. 

TABLE C 



PUUIER OF 
X 



v COEFTICIEKT. K 

' -1 



2 
2 
0 
4 
2 



0 -Q.261799 X 10 

n -0.841945 X 10~ 2 

3 -0.722234 X 10" 2 

q 0.102580 x no -2 

2 ;- 0.1 02750 X 10"" 2 
£. -0.648001 X '10 -4 
n 0.178268 X 10~ 3 

, 0.462778 X 10~ 3 

3 .-3 



4 

2 

0 s 0.171508 X 10" 

The phase function as specified in table C is used in 
conjunction with the point source to define the hologram. 

The wavelength for point source 58 in ths particular 
example was 549 run. The radius of the substrate 60 was 20 4.1484 
cm and the hologram is defined as a thick reflection holo- 
gram having a thickness of 25 microns. 

The numerical design data indicated above, is, as in- 
dicated, by way of example only. The exact form of the holo- 
graphic optical element 28 in a given instance is most easily 
determined by ray tracing wherein the ray pattern from the 
relay lens system and desired ray pattern for the combiner are 
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matched or intersected, and the holographic optical element 28 
is formed accordingly. The ray tracee that are typical of thie 
kind of optical construction ere illustrated in Fige. 2 and 3 
therein the full line traces are in the plane of the drau/ing 
and the dashed line traces are out of the plane of the drawing. 
The ray tracing method of construction is most suitably con- 
ducted by means of a digital computer in a known manner. 

Although a holographic optical element 28 is preferred, 
particularly in respect to eaee of duplication of the complex 
surface involved, a non-holographic reflecting element having 
the eame characteristics could be substituted therefor. 

As can be seen* the combiner according to the present 
invention is simplified according to the head up display of the 
preeent invention so as to avoid see-through flare since the 
complexities relating to aberration correction are placed in 
holographic optical element 28 instead. Although the combiner 
has a lou, surface spatial frequency for reducing flare, the 
holographic optical element 28 need not have a lou, surface 
spatial frequency inasmuch as it is out of the pilot's line 
of sight. Consequently, e8 much correction can be built into 
holographic optical element 28 as desired .for achieving a non- 
aberrated display. The extent of optical correction provided 
in the holographic optical element 28 on the one hand and in the 
relay lens system on the other can be altered while still pro- 
viding overall compensation for the combiner. The holographic 
optical element 28 is generally designed to provide aberration 
correction (or preaberration compensating for the aberration 
of element 32) across the field of vieu,, and the relay lens 
system ie generally designed to provide aberration correction 
(or preaberration compensating for the aberration of element 
32) across the aperture or the allowable transverse movement of 
tha pilot f s eyes. 
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Although a holographic combiner is preferred because of 
its much euperior efficiency, a non-holo 9 cspMc_combiner may. in 
some instances be substituted. 

While I have shown and described a preferred embodiment 
of my invention, it will be apparent to those skilled in the art 
that many changes and modifications may be made without departing 
from my invention in ite broadBr aspects. I therefore intend 
the appended claims to cover all such changes and modifications 
that fall within the true spirit and scope of my invention. 



The features disclosed in the foregoing description, 
in the following claims and/or in the accompanying 
drawings may, both separately and in any combination 
thereof, be material for realising the invention in 
diverse forms thereof. 
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I CLAIffl: 

1. A system for providing a wide field of view, 
essentially flare-free, head up display in combination with an 
exterior view, said system comprising; 

a first holographic optical element functioning ae 
a combiner through u/hich the exterior view may be seen by an 
observer, 

a visual information source, 

lens means for forming an intermediate image of 
said information source, 

and a second holographic optical element located 
out of the observer's line of eight and positioned for- re- 
flecting aaid intermediate image toward said first holographic 
optical element at a comparatively large oFf-axie angle relative 
to said first holographic optical element to permit further 
15 imaging of said intermediate imaga at infinity by said first 
holographic optical element, said second holographic optical 
element having optical aberrating properties of a reverse 
sense to thoee of the first holographic optical element for 
compensating aberrating properties of said first holographic 
20 optical slsment causing said first holographic optical element 
to provide a high quality virtual image at infinity in re- 
sponse to said intermediate image, 

said firet holographic optical element having a 
substantially lower eurfaca spatial frequency than said 
25 second holographic optical element for reducing flare from 
bright objects viewed through said first holographic optical 
element* 

2. The system according to claim 1 wherein said 
lens means is constructed to provide a preaberrated first 
30 image in compensation for net aberrations produced by the 
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combined first and second holographic optical elements. 

3. A system for providing a wide field of view, 
flare-free, head up display for observation in combination 
with an observer's visual exterior vie*, said system comprieing: 
5 a holographic optical element functioning as a com- 

biner through which the observer can see said exterior view, 
said holographic optical element having a low eurface spatial 
frequency for reducing flare from bright objects, 
a visual information source, 
1Q lens means for directing light from said source in 

a predetermined direction, 

and means out of the observer's direct view for re- 
flecting light received from said lens moans toward said 
holographic optical element at a comparatively large off-axis 
15 angle for providing an image of said information for view by 
eaid observer, 

eaid means for reflecting having optical light- 
directing properties cooperating with those of said Ions 
means for correcting optical aberrations caused by said 

20 large off-axis angle. 

4. A system for providing a wide field of view, 
flare-free, head up display for observation in combination 
with an observer's exterior view, said system comprising: 

a first holographic optical element functioning as 
25 a combiner through which the obssrver sees said exterior view, 
symbology forming means for providing information for 
visual presentation to the observer via said first holographic 

optical element, 

relay optical means for forming an image of symbology 
30 from said symbology forming means at a predetermined location, 
• and a second holographic optical element positioned 
out of the line of sight of the observsr for reflecting said 
image toward said first holographic optical element at a com- 
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parativaly large off-axis angle for further imaging of said eymbology 
at infinity by said first holographic optical element, 

said second holographic optical element having optical 
diffracting power effective in conjunction tuith the refractive 
5 pou/er of said relay optical means for compensating optical aber- 
rations caused by eaid large off-axia angle, 

said first holographic optical element having a low 
surface spatial frequency for reducing flare from bright objects 
while said second holographic optical element has a higher eur- 
10 face spatial frequency. 

5. The system according to claim 4 wherein said 
symbology forming- means comprises a cathode-ray-tube". 

6. The system according to claim 4 wherein said 
systso is located in an aircraft for providing said display 

15 for the aircraft pilot, and wherein said eymbology forming 
means and said relay optical means ere located substantially 
forward of the pilot's position in the aircraft, underneath 
tha pilot's line of sight through said first holographic optical 
element, 

20 7 * The system according to claim 6 wherein said 

second holographic optical element is located below said 
line of sight between the pilot's position and said relay 
optical means, 

B, A system for providing a mide field of view 
25 head up display for observation in combination with an observer's 
visual exterior view, said system comprising: 

an optical combinsr through which the observer can see 
said sxterior view, 

a visual information source, 

30 lene mBan3 fo * directing light from said source in 

a predetermined direction, 

and meana out of the observer's direct exterior view 
for reflecting light received from said lens means toward said 
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combiner at a comparatively large off-axis angle for providing an 
imaaa of said information for view by said observer, 

said means for reflecting having optical light-directing propertiee 
cooperating with those of said lena means for correcting aberrations 
caused by aaid large off-axis angle. 

g. The system according to claim 8 wherein said combiner 

comprises a holographic optical element. 

10. The system according to claim 9 wherein said holo- 
graphic optical element is characterized by lou, flare. 

11. The system according to claim B wherein said means 
for reflecting comprises a holographic optical element. 
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